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We study the extrinsic spin Hall effect induced by Ir impurities in Cu by injecting a pure spin
current into a CuIr wire from a lateral spin valve structure. While no spin Hall effect is observed
without Ir impurity, the spin Hall resistivity of CuIr increases linearly with the impurity concen-
tration. The spin Hall angle of CuIr, (2.1 ± 0.6)% throughout the concentration range between
1% and 12%, is practically independent of temperature. These results represent a clear example of
predominant skew scattering extrinsic contribution to the spin Hall effect in a nonmagnetic alloy.
PACS numbers: 72.25.Ba, 72.25.Mk, 75.70.Cn, 75.75.-c
The generation of pure spin currents, flows of only
spin angular momentum without charge current, should
play an important role in the next generation spintronic
devices [1]. The spin Hall effect (SHE) is one of the
promising ways to create pure spin currents in nonmag-
netic materials without using external magnetic fields or
ferromagnets. The SHE was first predicted theoretically
a long time ago [2] and has recently received renewed in-
terest which came from several theoretical predictions of
SHE in nonmagnetic materials [3, 4] and from the first
experimental observation of the SHE in semiconductor
systems using an optical method [5]. By flowing the
electric current into GaAs samples, spin-up and down
electrons are accumulated on the opposite sides of the
samples, which can be seen by scanning Kerr rotation
microscopy. This is referred to as the direct spin Hall ef-
fect (DSHE). However, the spin Hall (SH) angle, which is
defined as the ratio of the SH conductivity to the charge
conductivity and represents the maximum yield of the
transformation of charge into spin current density, is ex-
tremely small in semiconductors. Therefore an impor-
tant challenge is to find more efficient materials for this
transformation. Larger SHEs have been recently found
in noble metals such as Pt [6–10] and Au [9, 11, 12] and
this has triggered an important effort of research on the
SHE in metallic materials.
The SHE relies on spin-orbit (SO) interactions in mate-
rials and can be generated by intrinsic or extrinsic mech-
anisms. Recent theoretical works predict that the large
SH angles of 4d and 5d transition metals, about 1% in
recent results on Pt for example [9, 10], stem from the
intrinsic mechanism based on the degeneracy of d-orbits
by SO coupling [13–15]. This scenario has been sup-
ported by recent systematic experiments on the SHEs
in 4d and 5d transition metals [10]. The extrinsic SHE,
on the other hand, relies on scattering by impurities (or
other defects) presenting strong SO interactions [16–18].
There are two types of mechanisms, namely the skew
scattering [19] and the side jump [20]. In the former
case, the SH resistivity (ρSHE) is proportional to the re-
sistivity induced by the impurities (ρimp), while, for side-
jump effects, ρSHE ∝ ρ
2
imp when the impurities are the
only source of resistivity or ρSHE ∝ ρimpρtotal when ρtotal
includes an additional contribution from scattering po-
tentials with weak SO interactions. A definite interest of
the extrinsic SHE is that one can control the SH angle by
changing the combination of host and impurity metals as
well as by tuning the impurity concentration. In particu-
lar, the relation between the SHE and the resistivity can
be studied not only by varying the temperature but also,
in a much wider range, by changing the concentration of
impurities.
A series of pioneering works to this end had been per-
formed in the 1980s by a part of the present authors using
a ternary system consisting of a Cu matrix doped with a
Mn spin polarizer and 5d impurities such as Lu, Ta, and
Ir [21]. Large SH angles had been obtained, positive for
CuIr (2.6%) or negative for CuLu (−1.2%), and had been
ascribed to resonant scattering on 5d impurity states split
into 5/2 and 3/2 levels by SO interaction. Therefore we
put our focus on Ir as a strong SO scatterer. In order
to determine the SH angle, either DSHE or inverse SHE
(ISHE) is measured as follows: in DSHE experiments, the
spins accumulated on the side surfaces of materials with
strong SO interactions are detected with ferromagnetic
contacts. In ISHE experiments, spin currents are con-
verted into charge currents and then the potential drop
along the current direction is detected. ISHE measure-
ments have been intensively carried out in recent years by
means of the pure spin current injection [7, 8, 10–12, 22]
or the microwave driven spin pumping techniques [6, 9].
In the present study we have adopted the spin absorption
method using a lateral spin valve structure to measure
the ISHE induced in Cu by Ir impurities. The final goal
of the present study is to identify if the major contribu-
tion to the SHE is the skew scattering by the Ir impurities
2FIG. 1: (Color online) (a) Scanning electron microscopy im-
age of a spin Hall device consisting of two Py wires and a
CuIr middle wire bridged by a Cu wire. (b) Schematic of
the mechanism of ISHE due to the spin absorption effect. (c)
Inverse spin Hall resistance of CuIr with different Ir concen-
trations measured at T = 10 K. For comparison, the direct
spin Hall resistance of CuIr (9%) is also shown in the inset.
The bottom panel shows a typical AMR signal of Py1.
and what is the magnitude of the SH angle that can be
obtained with such type of heavy impurity. We find that
introducing Ir impurities to pure Cu which exhibits no
SHE, increases the SH resistivity in proportion of the Ir
concentration throughout the concentration range from
1% to 12%. This linear variation clearly shows that the
skew scattering is the dominant mechanism in the CuIr
alloys. The slope of a ρSHE vs ρimp plot gives the SH
angle αH of (2.1± 0.6)% for CuIr.
Samples have been fabricated on a thermally oxi-
dized silicon substrate using electron beam lithography
on polymethyl-methacrylate resist and a subsequent lift-
off process. We have used a lateral spin valve structure
which consists of two Permalloy (Ni81Fe19; hereafter Py)
wires (30 nm thick and 100 nm wide) and a CuIr mid-
dle wire (20 nm thick and 250 nm wide) bridged by a
Cu wire (100 nm thick and 100 nm wide), as shown in
Fig. 1(a). In this work, the distance between the two Py
wires (L) is fixed to 1 µm and the CuIr wire is placed just
in the middle of the two Py wires. To induce a difference
between the switching fields of the two Py wires, one of
them [Py1 in Fig. 1(a)] has two large pads at the edges.
The Py wires were grown by electron beam evaporation,
while the middle CuIr wires with different Ir concentra-
tions (0%, 1%, 3%, 6%, 9%, and 12%) were deposited
FIG. 2: (Color online) (a) NLSV signals measured at T = 10
K with a CuIr (6%) middle wire (red) and without CuIr wire
(blue). (b) Spin diffusion length λM of CuIr at 10 K as a
function of Ir concentration.
by magnetron sputtering. The Cu bridge was fabricated
by a Joule heating evaporator using a 99.9999% purity
source. Prior to Cu evaporation a careful Ar ion beam
etching (600 V beam voltage) was carried out for 1 min
in order to clean the surfaces of Py and CuIr wires and
to obtain highly transparent Ohmic contacts. Transport
measurements were performed using a standard ac lock-
in technique and a 4He flow cryostat. The magnetic field
is applied along the hard and easy axes of Py for ISHE
and nonlocal spin valve (NLSV) measurements, respec-
tively. For each Ir concentration, at least three differ-
ent samples from the same batch have been measured to
check the reproducibility.
First we discuss the ISHE results for CuIr with dif-
ferent Ir concentrations. The measurement circuit is de-
picted in Fig. 1(b). When the electric current flows from
Py1 to the left side of the Cu wire, the resulting spin ac-
cumulation induces a pure spin current on the right side
of the Cu wire. As we discuss in the next paragraph, a
major part of the pure spin current is absorbed in the
CuIr middle wire below the Cu wire since the spin diffu-
sion length of CuIr (∼ 10 nm) is much smaller than that
of Cu. The deflection in the same direction of the op-
posite spin-up and down vertical currents by skew scat-
tering on the Ir impurities generates the ISHE signal.
The ISHE resistance RISHE (equal to the ISHE voltage
VISHE divided by the charge current IC), is plotted in
Fig. 1(c) as a function of the magnetic field applied per-
pendicularly to the Py wires. RISHE increases linearly
3with the magnetic field up to ∼2000 Oe and then flat-
tens off at the saturation of the magnetization of Py1
[see the anisotropic magnetoresistance (AMR) curve of
Py1 in the bottom panel of Fig. 1(c)]. It can also be
seen in Fig. 1(c) that RISHE increases with increasing Ir.
The inversion of the probe configuration [i.e., I+ ⇔ V+,
I− ⇔ V− in Fig. 1(a)] enables one to measure the DSHE
as previously reported [7, 8]. We could confirm that the
SH resistance due to the DSHE is exactly the same as
RISHE [see the inset of Fig. 1(c)]. This verifies the On-
sager reciprocal relation in our system.
In order to estimate the spin diffusion length of CuIr
and to use it in the evaluation of the spin current ab-
sorbed into the CuIr wire, we have measured the NLSV
signal of our device. Note that in this case the mag-
netic field is applied along the easy axis of the two Py
wires. As can be seen in Fig. 2(a), by inserting the CuIr
middle wire, the spin accumulation signal ∆RwithS (≡
∆V withS /IC) is reduced to 0.15∆R
without
S where ∆R
without
S
is the spin accumulation signal without middle wires.
This indicates that most of the pure spin current in-
jected from Py1 is absorbed in the CuIr wire. From the
one-dimensional spin diffusion model [23], the normal-
ized spin signal ∆RwithS /∆R
without
S can be expressed as
follows;
∆RwithS
∆RwithoutS
≈
2RM sinh(L/λN)
RN {cosh(L/λN)− 1}+ 2RM sinh(L/λN)
(1)
where RN and RM are the spin resistances of Cu and
CuIr middle wire, respectively. The spin resistance RX
of material “X” is defined as ρXλX/(1 − p
2
X)AX, where
ρX, λX, pX and AX are respectively the electrical resistiv-
ity, the spin diffusion length, the spin polarization, and
the effective cross sectional area involved in the equations
of the one-dimensional spin diffusion model [24]. As re-
ported previously [25], we can determine λN, λF, and pF
by measuring the NLSV signal without middle wire as a
function of L. In the present study, λN = 1.3 µm, λF = 5
nm, and pF = 0.23 at T = 10 K. Thus, we can extract
the spin diffusion length λM of the CuIr middle wire from
Eq. (1). As can be seen in Fig. 2(b), λM drastically de-
creases with increasing the Ir atom.
We then calculate ρSHE as follows [1, 26]:
ρSHE =
wM
x
(
IC
I¯S
)
∆RISHE (2)
where I¯S is the effective spin current injected (vertically
for λM ≪ wN) into the CuIr wire and generating the
ISHE, wM is the width of CuIr wire and x is a correc-
tion factor taking into account the fact that the hori-
zontal current driven by the ISHE voltage balancing the
SO deflections is partially shunted by the Cu wire above
the CuIr/Cu interface. The correction factor x is de-
rived from additional measurements of the resistance of
the CuIr wire with and without the interface with Cu
and is found to be 0.36±0.08 for all the samples (see
supplemental material [27]); for the DSHE the same fac-
tor accounts for the shunting of the current through Cu.
∆RISHE is defined as the difference between RISHE at sat-
uration field (above ∼2000 Oe) and RISHE at zero field
[see Fig. 1 (c)]. In our case λM is generally smaller than
the thickness of the CuIr middle wire. The spin current
injected from the interface with Cu decreases in the CuIr
wire, exponentially in the limit λM ≪ tM ≪ wN, linearly
down to zero at the bottom of CuIr for tM ≪ λM ≪ wN,
the general expression of I¯S/IC for values of tM (20 nm)
and λM [5 − 27 nm in Fig. 2(b)] much smaller than wN
(100 nm) being [10];
I¯S
IC
≡
∫ tM
0
IS(z)dz
tMIC
=
λM
tM
(
1− e−tM/λM
)2
1− e−2tM/λM
IS(z = 0)
IC
≈
λM
tM
(
1− e−tM/λM
)2
1− e−2tM/λM
2pFRF sinh (L/2λN)[
RN {cosh (L/λN)− 1}+ 2RF
(
eL/λN − 1
)]
+ 2RM sinh (L/λN)
. (3)
By using Eqs. (2) and (3) we can derive the SH resis-
tivity ρSHE from ∆RISHE. In Fig. 3 we plot ρSHE of
CuIr as a function of the resistivity induced by the Ir
impurities, i.e. ρCuIr − ρCu. It nicely follows a simple
linear dependence up to Ir concentration of 12%. This
clearly shows that the dominant mechanism of the extrin-
sic SHE induced by the Ir impurities is the skew scatter-
ing. The SH angle characteristic of this skew scattering,
αH = ρSHE/ρimp, is (2.1 ± 0.6)%. In the previous mea-
surements of the ISHE due to the skew scattering induced
by Ir impurities in Cu after spin-polarization of the cur-
rent by dilute Mn impurities (Mn impurities alone not
contributing to the Hall effect), αH was 2.6%, which is
quantitatively consistent with our result [21].
As shown in Fig. 4, the SH angle changes only weakly
as a function of temperature. This is an additional proof
for the mechanism of skew scattering by impurities since
the contributions from intrinsic SHE or impurity scatter-
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FIG. 3: (Color online) Spin Hall resistivity ρSHE as a function
of the resistivity induced by Ir impurities, i.e., ρCuIr − ρCu at
T = 10 K. The error bar along the y axis is found by calcu-
lating the standard deviation among at least three different
samples on the same batch. The error bar for x axis is within
the dot. The inset shows ρCuIr − ρCu vs Ir concentration in
Cu.
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FIG. 4: (Color online) Temperature dependence of spin Hall
angle of CuIr with different Ir concentrations.
ing with side jump would be affected by the temperature
dependence of the total resistivity. Finally, let us men-
tion some results we obtained on the SH resistivity of
AgIr. In this case, the estimated SH angle is definitely
smaller, 0.6%. This large reduction is probably due to
the very small solubility of Ir in Ag [28].
In conclusion, we have measured the SH resistivity of
the SHE induced by Ir impurities in Cu. The SH resistiv-
ity ρSHE is approximately proportional to the impurity-
induced resistivity ρimp and practically temperature in-
dependent, which allows us to ascribe it to skew scatter-
ing on the Ir impurities. For the SH angle, characteris-
tic parameter of the transformation of charge into spin
current, we find 2.1%, which is quantitatively consistent
with the value derived in previous experiments on CuIr,
2.6% [21]. Such values of the SH angle are larger than
those obtained with pure metals [6–10] and confirm that
scattering by impurities is a very promising way to obtain
large SH angles, as it is predicted by several recent skew
scattering calculations papers [16–18]. Fert and Levy [18]
have calculated the contributions from both skew scat-
tering and scattering with side jump on impurities in
Cu. For Ir impurities, they predict predominant skew
scattering effects in the concentration range of our ex-
periments, in agreement with our results. However, for
other types of impurities (Os, Ta) in Cu, they find that
the side-jump contribution to the SH angle can be def-
initely larger, that is a few percent for concentrations
in the 1% range and therefore above 10% for concentra-
tions in the 10% range [18]. Alloys combining side-jump
and skew scattering effects in such a concentration range
are promising to obtain a large SH angle and an efficient
transformation of charge current into spin current in de-
vices without magnetic components.
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